This research work was conducted to investigate the structural, molecular, electronic, and photophysical parameters of the fluorescein dye derivatives using the density functional theory (DFT) and time dependent-density functional theory (TD-DFT) computations. The organic donor-π-acceptor dye used for dye-sensitized solar cells, based on 2-(3-hydroxy-6-oxo-6H-xanthene-9-yl)benzoic acid (fluorescein) and its five derivatives, was investigated. The derivatives were formed by attaching different donor groups at para position. The excited state energies, electron absorption spectra, and oscillator strengths (f ) were calculated using TD-DFT/B3LYP/6-311G basis set calculations on fully DFT-optimized geometries. The HOMO orbital, LUMO orbital, and energy gap values show that fluorescein attached with thiophene (FST) compound has a smaller energy gap compared to others and the fluorescein attached with an amine (FSA) have a larger energy gap than all compounds. The increasing order of the energy gap between HOMO and LUMO for the fluorescein and its derivatives is FST < FSE < FSM < FS < FSO < FSA. In terms of electron injection efficiency, it was found that the FST has higher electron injection efficiency compared with other derivatives. In addition, light-harvesting efficiencies (LHEs) were calculated and the results showed that the FST has the highest LHE value. It is therefore suggested that FST has better properties for application in DSSC according to the result obtained.
Introduction
Steadily increasing global demand for energy coupled with depletion of harmful environmental effects associated with combustion of fossil fuels has necessitated the rapid development of renewable energy technologies [1, 2] . Dye-sensitized solar cells (DSSCs) have received considerable attention due to the fascinating low cost of the conversion of photovoltaic energy compared to the silicon-based semiconductor solar cell [3, 4] . Particularly, DSSCs are composed of a widebandgap semiconductor, the sensitizer (dye molecules), a transparent conductive oxide layer (TCO), and redox electrolyte (typically iodide/triiodide) [5] . The dye captures solar radiation in the visible region of the spectrum and excites the electron into the conductive band of the semiconductor; finally, an electron is regenerated to the dye by the redox electrolyte.
Up to now, DSSCs as reported by Mathew et al. have certified recorded efficiencies of about 13% for the metal organic dye complex on the basis of nanostructured titanium oxide (TiO 2 ) film sensitized by zinc porphyrin (SM 315) under full sun illumination at the laboratory scale device [6] . Metal-free organic dyes have recently received more attention than metal organic dye complexes. This is due to their low toxicity, high molar extinction coefficient, easy accessibility, light weight, and cost effectivity [1] . Accordingly, researchers make effort on the synthesis of metal-free organic dye for dye-sensitized solar cell application. Unfortunately, they have narrow optical absorption spectra, which hinder the maximum short-circuit current density (J sc ) to be achieved and therefore results into relatively lower power conversion efficiency (9.5%) [7] .
The general structure of metal-free organic dyes contains a donor-pi-acceptor system. The intramolecular charge transfer (ICT) from the donor to acceptor at the photoexcitation injects photoelectron into the conduction band of the semiconductor through the electron accepting group at the anchoring unit. By changing the electron donor, acceptor, and π-spacer, the HOMO and LUMO energies are affected [4, [7] [8] [9] [10] [11] [12] [13] . The fluorescein is a coplanar compound, and the electron-accepting group is attached heterocyclic due to the electron-withdrawing group carbonyl (C=O) of carboxylic acid for accepting an electron from the electron donor.
Fluorescein dye has been used in DSSC with the highest reported power conversion efficiency of 6.54% [8] . It is possible to modify the structure of fluorescein by increasing the power conversion efficiency through attaching of the donating group that increases the transition of an electron as well as absorption spectra of the dye [4] . When the LHE, electron injection, and electron regeneration are high, the shortcircuit current density becomes high hence increases power conversion efficiency. The aim of this study was to investigate the power conversion efficiency of modified fluorescein dyes for application in the dye-sensitized solar cell.
Methodology
Fluorescein and its five derivatives were investigated. The derivatives were obtained by attaching donor group para to the acceptor group (carboxylic acid). The derivatives that were investigated are fluorescein (FS), fluorescein doped with an amine group (FSA), fluorescein doped with ethene (FSE), fluorescein doped with methane (FSM), fluorescein doped with methoxy (FSO), and fluorescein doped with thiophene (FST). Chemical structures of the molecules are shown in Figure 1 . All calculations for structural optimization were done by using the DFT/B3LYP method with 6-311G basis set and were calculated in gas and solvent phases. The density functional theory (DFT) and time-dependent density functional theory (TD-DFT) with the B3LYP (Becke threeparameter Lee-Yang-Parr) method [9] and 6-311G basis set were used. The excited state energies, electron absorption spectra, and oscillator strengths (f ) were investigated using the TD-DFT/B3LYP method with 6-311G basis set after optimization [5] in gas and solvent phases. All calculations in the solvent phase adopted the polarizable continuum model (PCM) [10] . The solvent that was used for these calculations was acetonitrile. The HOMO and LUMO levels were calculated by using D-DFT/B3LYP. Generally, all calculations were performed using the Gaussian 09 software and the models of electron density of various energy levels were visualized using GaussView Version 5.0 [6] . Table 1 . The optimized geometries of all studied dyes showed that they have similar coplanar conformation. This means that the coplanar molecular structure can improve the electron transfer from the donor to the acceptor through the π-spacer [11] .
Results and Discussion

Frontier Molecular Orbitals (FMO).
The most important characteristic of the metal-free organic dye is the intramolecular charge transfer (ICT) from the donor to the anchoring group through the π-bridge. This feature can be affected by the energy gap of the molecule that also affects the photocurrent. Table 1 illustrates the values of HOMO and LUMO orbitals, energy gap, dipole moment, and total energies of each studied molecule in electron volt (eV). All HOMOs showed typical aromatic features with electron delocalization International Journal of Photoenergy for the whole conjugated molecule [13] . The LUMOs are mainly concentrated on the electron deficient unit and the right of the molecule chain. HOMO orbital of molecules presents a bonding character, while the LUMO orbital presents an antibonding character. The HOMO and LUMO orbitals are shown in Figure 3 . Normally, the molecules having a large dipole moment have strong asymmetry in the distribution of electronic charge and can be more reactive and sensitive to external electric field [11] . From the results, it can be observed that the dipole moment of the FST molecule is greater than the other derivatives by implying high sensitivity. Also, the electric dipole moment with electron absorption spectra helps to detect the occurrence of the charge transfer from the donor to acceptor upon the photoexcitation. On the other hand, the strong electron-donating group results into a high HOMO energy level [5] . The HOMO energy levels for the studied dyes are in order:
The high value of the FST dye molecule is attributed to the presence of a conjugated double bond in the thiophene.
Energy Gap (E g
). The energy gap is the energy difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Normally, the smaller energy gap of the compound results in ease of transporting electrons from HOMO to LUMO levels through absorption of light energy with an appropriate wavelength [5] . The results showed that (Table 1) the FST dye derivative has the lowest energy gap compared to the other dye derivatives. This means that the transfer of an electron from HOMO to LUMO occurs easily. It is therefore suggested that FST is good for application in DSSC compared with other studied dye derivatives.
Photovoltaic Properties
3.4.1. Theoretical Background. The power conversion efficiency is the percentage of the solar energy shining on a solar cell device that is converted into usable electricity. The power conversion efficiency (η) was calculated as follows:
where P inc is the incident power density, J sc is the shortcircuit current, V oc is the open-circuit voltage, and FF denotes the fill factor. To analyze the relationship between Table 1 : Electrical and optical parameters for all studied compounds obtained in a solvent phase. Figure 2 : Optimized geometries of the studied molecules in a solvent phase. 3 International Journal of Photoenergy V oc and E LUMO of the dyes based on electron injection (in DSSCs) from LUMO to the conduction band of semiconductor TiO 2 (E CB ), the energy relationship can be expressed [12] as follows:
From the studied dye derivatives, the values of V oc were calculated according to the equation (2) which range from 1.0535 eV to 1.4955 eV as shown in Table 2 . These values are sufficient for a possible efficient electron injection.
The short-circuit current density (J sc ) in DSSCs is determined by the following equation [4] :
where LHE λ is the light-harvesting efficiency at a given wavelength, Φ inject is the electron injection efficiency, and η collect denotes the charge collection efficiency. In the system where there are only differences in dye, η collect can be assumed to be constant. The LHE can be calculated through the following equation:
where f is the oscillator strength of adsorbed dye molecules. Φ inject is related to the driving force (ΔG inject ) of electrons injecting from the excited states of dye molecules to the semiconductor (conduction band). It can be estimated as follows [13] :
From the equations (1), (2), (3), (4), and (5), we could predict theoretically the efficiency of novel dyes without intensive calculations.
In the above equations, E dye * OX is the oxidation potential of the excited dye, E dye OX is the oxidation potential of the ground state of the dye, E dye 0−0 is the vertical transition energy, and E
TiO 2 CB
is the conduction band edge of the TiO 2 semiconductor. So, J sc can be well estimated through LHE and ΔG inject .
Two models can be used for the evaluation of E dye * OX [14] . The first implies that the electron injection occurs from the unrelaxed excited state. For this reaction path, the excited state oxidation potential can be extracted from the redox potential of the ground state, E dye OX , which was calculated at the B3LYP-6-31G(d) approach and the vertical transition energy corresponding to the photoinduced intermolecular charge transfer (ICT):
where λ ICT max is the energy of the ICT. Note that this relation is only valid if the entropy change during the light absorption process can be neglected. For the second model, one assumes that electron injection occurs after relaxation. Given this condition, E dye OX is expressed as follows [15] : 
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International Journal of Photoenergy charge transfer process can be derived from the general classical Marcus theory [16] [17] [18] .
In equation (8), k inject is the rate constant (in s −1 ) of the electron injection from dye to TiO 2 , k B is the Boltzmann thermal energy, h is the Planck constant, G inject is the free energy of injection, and V RP is the coupling constant between the reagent and the product potential curves. Equation (8) revealed that larger V RP leads to higher rate constant which would result in a better sensitizer. The use of the generalized Mulliken-Hush (GMH) formalism allows evaluating V RP for a photoinduced charge transfer [16] . It was explained that V RP can be evaluated as follows [17] :
The injection driving force can be formally expressed within Koopmans approximation as
where E TiO 2 CBO is the conduction band edge. It is difficult to accurately determine E TiO 2 CBO because it is highly sensitive to the operating conditions (e.g., the pH of the solution). Thus, we have used E TiO 2 CBO = −4 0 eV [18] which is an experimental value corresponding to conditions where the semiconductor is in contact with aqueous redox electrolytes of fixed pH 7.0 [19, 20] .
More quantitatively, for a closed-shell system, E dye LUMO corresponds to the reduction potential of the dye E dye RED , whereas the HOMO energy is related to the potential of the first oxidation (i.e., E dye HOMO = E dye OX ). As a result, equation (7) becomes
According to Koopman's theory, the ground state oxidation potential energy is related to ionization energy [21] .
The photovoltaic properties λ max , ΔG inject , E dye OX E dye * OX λ ICT max , and LHE were presented in Table 2 . The short-circuit current (J sc ) depends on two main influencing factors: lightharvesting efficiency (LHE) and the electronic injection free energy (ΔG inject ) (equation (3)). The LHE is considered as a very important factor for the organic dyes in which we could appreciate the role of the dyes in the DSSC, i.e., absorbing photons and injecting photoexcited electrons to the conduction band of the semiconductor (TiO 2 ). In order to know what to give an intuitional impression of the influence of the donor spacer of the LHE, we simulated the UV/Vis absorption spectra of the six dyes. We observed that in a different dye, the oscillator strengths were changed. As shown in Table 2 , the LHE of the dyes falls within the range of 0.13-0.62.
From Table 2 , ΔG inject is negative for all studied dyes. This reveals that the electron injection process is spontaneous [11] and dye's excited state would be located above the conduction band edge of TiO 2 resulting in a favorable condition for electron injection. Among these six dyes, it was observed that the dye FST has the larger ΔG inject . Based just on LHE and ΔG inject related to J sc [5] , we could conclude that the cell containing the FST dye should have the highest J sc due to its relatively large LHE and injection driving force compared to the other dyes.
From the calculation, it is revealed that FST has the largest electron injection value compared to the rest of the molecules due to their π-bond in the donor group. Conversely, FSA has the smallest electron injection because of NH 2 as a donating group. With regard to light-harvesting efficiency which is responsible for power conversion efficiency, the higher the LHE is, the higher the power conversion efficiency will be. From the calculation, it was observed that the FST has greater LHE and the FS has the smallest LHE as shown in Table 2 .
3.5. Absorption Properties. The computed oscillator strength, transition energy (HOMO to LUMO) level, and vertical excited singlet state of all studied dye molecules in an acetonitrile solvent and gas media are tabulated in Table 3 . During the calculation, the first and the third excitation showed the larger oscillator strength for most of the studied dye molecules.
The first vertical excited energy of all studied dyes increased depending on the donating group: FST < FSE <FS < FSM < FSA < FSO (3.117 < 3.1768 < 3.3537 < 3.4097 < 5 International Journal of Photoenergy 3.4564 < 3.4689). It is revealed that the more the conjugation of the donor group the higher the vertical excitation energy [3] [4] [5] [6] [7] [8] [9] [10] [11] . The excitation energy of all dyes is higher in acetonitrile solvent than that in the gas phase. The transition (HOMO to LUMO) characters in acetonitrile solvent and gas phase are different. This is due to the effect of the polar environment resulted by acetonitrile [5] .
On the other hand, the maximum wavelength (λ max ) in a gas phase differs from that of the solvent phase (acetonitrile) as indicated in Figures 3-5 . The oscillator strength also increases in the solvent phase through the addition of acetonitrile in the studied molecules.
The decrease in absorption wavelength (UV-Vis) in the solvent phase (Figure 4) is due to the addition of polar solvent [5] . The absorption wavelengths of FS, FSA, FSE, FSM, FSO, and FST in gas and solvent phases are 390.52, 368.51, 413.62, 380.31, 369.67, and 421.81 and 369.69, 358.71, 390.28, 363.62, 357.42, and 397.74, respectively. The FST derivative has higher maximum wavelength than the other derivatives in both gas and solvent phases. This is a The bolded values in Table 3 indicate the highest value of oscillator strength with respect to the calculated the λ max (nm), excitation energies (eV), oscillator strengths (f ), assignment of molecular orbital contributions, and character. 6 International Journal of Photoenergy result of increasing the number of conjugated double bonds in the FST. Generally, the number of conjugated double bonds always increases the absorption spectra of the molecule [4] .
Conclusion
The modification of the chemical structures of the five fluorescein dye derivatives was done in order to improve the electronic and optical properties of the studied dyes. It was observed that the molecule with high conjugated double bonds has both high absorption spectra and increased electron injection efficiency. It was further revealed that the conjugation makes the bandgap decreased due to the increase of the absorption wavelengths. Therefore, the investigation shows that FST is better for application in DSSC in comparison to other derivatives due to the presence of large wavelength, high LHE, high electron injection efficiency, and the small bandgap. On the other hand, the LUMO energy levels of all studied dye molecules are higher than that of the 
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